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Sumoylation is a post-translational modification by which small ubiquitin-like modifiers (SUMO) are covalently conjugated to target proteins.
This reversible pathway provides a rapid and efficient way to modulate the subcellular localization, activity and stability of a wide variety of
substrates. Similar to its well-known cousin ubiquitin, SUMO co-localize with the neuronal inclusions associated with several neurodegenerative
diseases, including multiple system atrophy, Huntington's disease and other related polyglutamine disorders. The identification of huntingtin,
ataxin-1, tau and α-synuclein as SUMO substrates further supports the involvement of sumoylation in the pathogenesis of this family of
neurological diseases. In addition to direct targeting of these constituent proteins, sumoylation also impacts other disease pathways such as
oxidative stress, protein aggregation and proteasome-mediated degradation. This review highlights the recent advances in understanding the
contributions of SUMO to neurodegeneration and the underlying pathogenic mechanisms of these diseases.
© 2007 Elsevier B.V. All rights reserved.Keywords: SUMO; Neurodegenerative diseases; Proteasome; Ubiquitin; Neuronal inclusions1. Introduction
Post-translational modifications are rapid, efficient and
reversible means of regulating protein stability, localization,
interactions and function. These include chemical modifications
such as phosphorylation or methylation as well the attachment
of ubiquitin or the several ubiquitin-like proteins which have
been identified in eukaryotic cells [1]. These complex bio-
chemical pathways are tightly regulated and control a wide
variety of unique cellular processes. Perturbations within these
modification systems have been shown to contribute to the
etiology of various cancers, inflammatory diseases and neuro-
degenerative processes.
Small ubiquitin-like modifiers (SUMO) are covalently
conjugated to target proteins and modulate a growing number
of cellular pathways. Similar to ubiquitin, SUMO are linked
directly to the amino sidechains of lysine residues and, in some
instances, both modifiers target the same substrate. This
suggests a dynamic interplay between the related ubiquitination⁎ Corresponding author. Tel.: +1 416 978 0102; fax: +1 416 978 1878.
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doi:10.1016/j.bbamcr.2007.03.017and sumoylation pathways. Neuronal inclusions are frequently
immunoreactive for ubiquitin, proteasome components and, as
recently demonstrated, SUMO proteins. In support of these
observations, the constituent neuronal proteins within these
disease-specific aggregates are targets for SUMO conjugation.
This review summarizes the recent findings related to
sumoylation in neurodegeneration and highlights their involve-
ment in the pathogenesis of neurological diseases.
2. The SUMO conjugation pathway
Despite their primary sequence divergence, ubiquitin and
SUMO proteins exhibit considerable structural overlap and
share the biochemical mechanisms of substrate conjugation. In
humans, three major SUMO isoforms are expressed and are
evolutionarily conserved as shown, for example, by the
sequence similarity (∼56%) of SUMO1 to its yeast homolog
Smt3 (Fig. 1). SUMO1 (previously known as sentrin, Ubl1,
GMP1, PIC1 and Smt3c) displays ∼50% sequence similarity
with the highly homologous SUMO2 (also known as sentrin3
and Smt3a) and SUMO3 (also known as sentrin2 and Smt3b)
paralogs. The sequence identity shared by SUMO2 and
Fig. 1. Comparison of yeast and human SUMO isoforms and ubiquitin. Sequence alignment (CLUSTALW) of human SUMO1, SUMO2, SUMO3 (top panel).
SUMO2 and SUMO3 share ∼95% sequence homology and ∼50% with SUMO1. SUMO1 is ∼20% similar to human ubiquitin and shares ∼56% sequence identity
with the yeast homolog Smt3 (bottom panel). The diglycine (GG) conjugation residues (red) as well as the sites for polySUMO chain attachments (blue) are also
indicated.
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antibodies which can distinguish between these two isoforms.1
Therefore examining SUMO2/3 subcellular localization and
expression at the protein level has been limited. All SUMO
isoforms display cell type-specific expression levels as well as
unique, although not exclusive, subcellular localizations.
SUMO1 is mainly found at the nuclear membrane while
SUMO2 and SUMO3 are predominantly localized in the
cytoplasm and nuclear bodies, respectively [2].
A fourth isoform, SUMO4, has been identified and is highly
homologous to SUMO3. Its messenger has been shown to be
mainly expressed in kidney cells [3]. However, the intronless
gene has been suggested to be one of the numerous SUMO3
pseudogenes [2], as the expression of the endogenous protein
has yet to be demonstrated. Further studies are required to
resolve this issue and establish the functional role of SUMO4.
Similar to ubiquitin and other ubiquitin-like proteins, SUMO
isoforms are expressed as precursor proteins. In order to expose
the C-terminal diglycine motif required for conjugation to
targets, SUMO undergoes a maturation process during which
the cleavage of the C-terminal extension is carried out by one of
the specific SUMO proteases (for review, see [4]) (Fig. 2). The1 The conflicting designation of SUMO2 and SUMO3 in the National Center
for Biotechnology Information database and a number of publications has led to
confusion on nomenclature. The present review uses the original notation, as
previously described [45].resulting mature SUMO protein enters a multi-step enzymatic
pathway that is comparable to but distinct from ubiquitination.
The sumoylation reaction is initiated by ATP-dependent
formation of a thioester bond between the exposed C-terminal
glycine of SUMO and an internal cysteine in the SUMO
activating (E1) enzyme, a heterodimer composed of SAE1 and
SAE2 subunits [5]. Through a transesterification reaction,
activated SUMO is subsequently transferred to the catalytic
cysteine of the unique SUMO conjugating (E2) enzyme Ubc9
[6].
In contrast to ubiquitin conjugating enzymes, Ubc9 has the
ability to recognize target proteins directly and catalyze the
formation of an isopeptide bond between the C-terminal glycine
of SUMO and the ε-amino group of a target lysine [7]. Analysis
of SUMO substrates has demonstrated that a majority of target
lysines (K) are contained within a SUMO consensus motif
defined by ΨKX(E/D). The Ψ corresponds to a hydrophobic
residue, X is any amino acid and E/D is either a glutamate or
aspartate residue [8]. This SUMO motif is recognized by the
conjugating enzyme Ubc9 [9]. SUMO2 and SUMO3 contain
this recognition motif in their N-terminal domains, which
allows them to form polySUMO chains [10]. However, not all
proteins containing SUMO consensus sequences are sumoy-
lated. Conversely, substrates lacking the SUMO motif can
effectively be modified by SUMO, which is exemplified by the
ability of SUMO1 to also form polySUMO chains [11–13]. A
number of studies have shown that SUMO1 and SUMO2/
Fig. 2. The SUMO conjugation pathway. SUMO is expressed as a precursor protein and processed by a SUMO-specific protease (SENP) to expose the C-terminal
diglycine motif (maturation). Mature SUMO is activated in an ATP-dependent manner by the SUMO activating enzyme (E1) SAE1/SAE2 and is transferred through a
transesterification process to the unique SUMO conjugating enzyme (E2) Ubc9. SUMO is next conjugated to the target lysine of a substrate, defined by the consensus
motif ΨKXE/D. Conjugation, in some instances, is facilitated by a SUMO E3 ligase. The sumoylation pathway is reversible as specific proteases can remove and
recycle SUMO moieties from modified substrates.
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that the two subfamilies are functionally distinct [19].
SUMO (E3) ligases increase the overall efficiency of
sumoylation, ensure substrate specificity to some extent and
are thought to facilitate SUMO modification of targets lacking
the consensus motif. In humans, members of the PIAS family
[20,21], RanBP2 [22], the polycomb chromatin-modifying
complex component Pc2 [23], Topors [24] and TRAF7 [25]
have been shown to possess SUMO ligase activity. The large
number of SUMO substrates as compared to the limited number
of enzymes suggests that additional SUMO E3 ligases and
cofactors/regulators likely remain to be identified.
As with many other post-translational modifications,
sumoylation is highly dynamic and reversible. The same
proteases involved in the maturation of the precursor proteins
are also responsible for the removal and recycling of SUMOs
from their substrates. Although the conjugation and deconjuga-
tion pathways are biochemically well defined, recent investiga-
tions continue to shed light on how these are regulated at both
the substrate and enzyme levels (for review, see [26]). For
example, acetylation or ubiquitination of target lysines creates a
steric regulator of conjugation while substrate phosphorylation
has been shown to alternatively stimulate and suppress
sumoylation (for review, [26]). A proline-directed phosphory-
lation-dependent sumoylation motif (PDSM) has been identi-
fied in transcriptional factors which regulates sumoylation [27].
This motif is a variation of the sumoylation consensus sequence
and is defined by ΨKXEXXSP, where S and P correspond to
serine and proline residues. Reactive oxygen species (ROS)
have also been identified as controlling factors for the regulation
of SUMO E1 and E2 [28].
Studies have also revealed details on the molecular basis by
which cells discriminate between different SUMO isoforms. In
addition to their specific subcellular localizations [4], SUMOproteases have differential abilities to catalyze the maturation of
SUMO precursors (C-terminal hydrolase activity) or the
desumoylation reaction of SUMO-modified substrates (isopep-
tidase activity) [29]. SUMO proteases also display a preference
towards certain SUMO isoforms [29–33]. This selectivity is
mediated by the surface charge complementarity between the
protease and the C-terminal domain of SUMO, which is unique
to each isoform [31].
A number of proteins are conjugated by both SUMO and
ubiquitin using identical lysine residues, which has raised the
possibility that sumoylation may act as an antagonist of
proteasome-mediated degradation. The competition between
both conjugation pathways could represent a means of
modulating substrate stability. However, evidence to date
indicates that the communication between sumoylation and
ubiquitination is much more complex than simple competition
for common target lysines or substrate proteins (for review, see
[34]). For example, sumoylation of the ubiquitin conjugating
enzyme E2-25K has been shown to inhibit its activity [35].
Conversely, SUMO E1 and E2 enzymes are downregulated by
the proteasome in the presence of the adenoviral protein Gam1
[36]. However, the relationship between SUMO and ubiquitin–
proteasome pathways is not only antagonistic. Both modifica-
tion pathways have been shown to converge in the case of
nuclear promyelocytic leukaemia (PML)-bodies, also known as
nuclear bodies (NB) [13,37]. These subnuclear bodies are
thought to integrate both sumoylation and proteasome-mediated
degradation systems and proteasome inhibitors stimulate the
colocalization of both modifiers at these sites [37].
In terms of their functional effects, SUMO modification
modulates transcriptional activity of a large number of
transcription factors, including p53 [38] and the androgen
receptor [39], as well as the activity of regulators such as IκBα
[40]. Disruption of the SUMO pathway in human cells, for
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[32]. Mutation of its yeast homolog, Ulp1, results in G2/M cell
cycle arrest [41]. These implicate sumoylation in the cell cycle
progression. SUMO also participates to the maintenance of
genome integrity, for example by modifying proteins involved
in DNA repair, such as PCNA [42]. All these functions are
consistent with many known SUMO substrates which are
primarily located within the nucleus. Although sumoylation has
originally been seen as a nuclear process, proteomic studies
have shown that a significant portion of transmembrane, such as
Glut1, Glut4 and ErbB3, and cytoplasmic proteins associated
with different organelles, including the endoplasmic reticulum
and mitochondria, are also subject to SUMO modification
[43,44]. This rapidly growing catalogue of SUMO substrates
encompasses a wide selection of proteins which have not yet
been fully explored but suggests that SUMO conjugation may
contribute to a broad range of cellular pathways [15,44].
Consequently, in addition to its activities within the nucleus,
sumoylation may also affect subcellular transport, protein
stability, signal transduction pathways and the formation of
protein complexes (for review, see [45]).
An important emerging aspect in SUMO biology is their
ability to regulate biochemical pathways independent of their
conjugation to target substrates. Non-covalent interaction of
SUMO and Ubc9 with dynamin downregulates dynamin-
mediated endocytosis of transferrin [46]. The Parkinson's
disease-related protein parkin also interacts non-covalently
with SUMO, which results in its nuclear localization and
autoubiquitination [47]. Other physiological processes invol-
ving thymine DNA glycosylase [48] and the androgen receptor
[49] are also mediated by non-covalent association with SUMO.
Generic SUMO-binding motifs (SBM) have been identified and
consist of a hydrophobic core which is adjacent to a series of
acidic residues and contains potential phosphorylation sites
[50–53]. Structural studies have demonstrated that, unlike the
helical ubiquitin-binding motifs, the SBM are conformationally
flexible and are located between α-helical and β-strand
structures [53]. The functional consequences of these interac-
tions are illustrated by the fact that non-covalent association of
PML with sumoylated proteins constitutes the nucleating event
for the formation of nuclear bodies [54,55]. These observations
indicate that, even in the absence of direct conjugation, binding
of SUMO monomers with SBM-containing proteins can have
significant effects on partitioning of proteins within cells and
the assembly of protein complexes.
3. Sumoylation and neurodegeneration
Neurodegenerative disorders are typically characterized by
progressive and extensive neuronal loss in specific populations
of neurons and brain areas which lead to the observed clinical
manifestations. One of the common features of these diseases is
the aggregation and accumulation of misfolded proteins which
is considered to be a key event in the pathogenic process. Each
disorder has a unique histopathological signature which is
defined by the constituent proteins within the inclusions as well
as the distribution and cellular location of the deposits. Thecontribution of these aggregated proteins to neuronal death has
been debated and it has been proposed that the nuclear
deposition of huntingtin may be neuroprotective [56,57]. In
contrast, soluble oligomeric forms of the amyloid-β (Aβ)
peptide found in senile plaques are thought to be the primary
cytotoxic species in Alzheimer's disease [58,59].
The involvement of proteasome-mediated degradation in the
family of neurodegenerative diseases is inferred by the presence
of ubiquitin and related protein components in inclusion bodies
(for review, see [60]). This is further supported by genetic
linkage of mutations in the ubiquitin ligase parkin [61] and the
ubiquitin carboxy-terminal hydrolase UCHL1 [62] to familial
Parkinson's disease. Similarly, SUMO proteins have also been
detected within inclusions in various neurodegenerative dis-
eases such as multiple system atrophy, Huntington's disease and
other related polyglutamine disorders. In addition, several
proteins specifically implicated in these neurological diseases
have been identified as SUMO targets. Given the pleiotropic
roles of SUMO modification on cellular processes as well as its
relationship with the ubiquitin pathway, there are a number of
possible mechanisms by which sumoylation can contribute to
the underlying neurodegenerative processes.
4. SUMO and polyglutamine diseases
Polyglutamine (polyQ) diseases are neurodegenerative
disorders that include Huntington's disease (HD), spinal and
bulbar muscular atrophy (SBMA), dentatorubral-pallidoluysian
atrophy (DRPLA) and a collection of spinocerebellar ataxias
(SCA-1, -2, -3, -6, -7, and -17) (for review, see [63]). These
neurological disorders are associated with the genomic expan-
sion of a CAG triplet repeat in the disease-specific genes. The
resulting proteins exhibit an abnormal extension of glutamine
residues to the polypeptide chain that can range from 35 to over
300 pathogenic repeats. The isolated polyQ stretch can be toxic,
but it is in the context of the full length protein that neuronal
death occurs. Although the mutant proteins can undergo
conformational changes that might interfere with their active
domains, clinical data and transgenic animal models support a
toxic gain-of-function of the polyQ proteins [64,65]. This
family of polyQ diseases have unique clinical and neuropatho-
logical characteristics but they all share the formation of
cytoplasmic and/or intranuclear protein inclusions in selective
populations of neurons. It is unclear if these aggregates
contribute to neuronal dysfunction or possibly represent a
protective mechanism, although some recent models suggest an
inverse correlation between accumulation of aggregates and
neuronal loss [56,57,66].
Molecular chaperones and proteasome subunits have been
detected within polyQ-aggregates and may represent a cellular
attempt to recruit defence mechanisms against protein misfold-
ing and aggregation or possibly the failure of the degradation
pathway. The involvement of the proteasome is supported by
immunohistochemical studies showing that the neuronal
inclusions are highly ubiquitin-positive. This is equally the
case for SUMO1 where enhanced immunoreactivity in affected
neurons of DRPLA, SCA-1, Machado–Joseph disease (MJD,
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been reported [67]. In addition, colocalization of SUMO and
polyQ protein aggregates has been demonstrated in histological
studies of individuals with DRPLA as well as for cellular
models of atrophin-1 inclusion bodies [68]. SUMO1 immunos-
taining has been demonstrated in selected nuclear aggregates
associated with MJD, although this does not always overlap
with ataxin-3 and is often located in different populations of
inclusions [69]. In contrast, neuronal models of huntingtin (Htt)
deposition indicated an association with SUMO1 [70]. Similar
co-localization of SUMO1 with both wildtype and mutant
ataxin-1 has been observed in SCA1 [71]. These studies
cumulatively demonstrate the presence of SUMO in neuronal
inclusions in a variety of polyQ disorders and suggest a
potential role for the ubiquitin-like protein in polyQ pathogen-
esis. While these association studies provide largely circum-
stantial evidence for the contribution of sumoylation in
neurodegeneration, support for this concept is provided by a
number of additional investigations.
The mutant protein involved in SBMA is a pathogenic polyQ
fragment of the androgen receptor (AR) which has been
modelled inDrosophila. This results in nuclear and cytoplasmic
aggregates as well as progressive neurodegeneration [72].
Expression of a catalytic-deficient C175S mutant form of the
SUMO activating enzyme (E1) subunit Uba2 (equivalent to the
human SAE2) greatly enhanced degeneration in this model.
Similar observations have been made in an MJD model using a
disease-related ataxin-3, which suggests that downregulation of
SUMO modification is detrimental to cells. This may also
involve overlapping functions of SUMO and the ubiquitin–
proteasome system, which has also been implicated in these
processes. For example, the SUMO E1 C175S degenerativeFig. 3. SUMO affects polyglutamine toxicity. (A) Sumoylation can directly alter
Alternatively, SUMO can promote the sequestration of transcription factors/regula
modulate nucleocytoplasmic transport, as exemplified by ataxin-1. Changes in subce
inclusions (4). (C) SUMO can antagonize the proteasome-mediated degradation of the
other proteins, and the formation of inclusions. Ultimately, these detrimental effectsphenotype is similar to that induced by the expression of a
dominant-negative form of Hsp70 or an inactive proteasome β-
subunit mutant [72]. In contrast to the mutant proteasome,
Hsp70 was unable to rescue the SUMO E1 mutant-induced
degeneration. This is consistent with the proposal that
sumoylation contributes to more than protein aggregation and/
or degradation and may be involved in other SUMO-modulated
cellular pathways (Fig. 3). This could include indirect events
involved in cell death such as SUMO1 modification of caspases
[73–75] or have a more direct impact on protein misfolding and
aggregation processes.
Direct links to sumoylation of disease-related proteins also
support the role in neurodegeneration, potentially by mediating
changes in protein solubility or levels of toxic soluble
oligomers and decreased cell survival (Fig. 3). In a neuronal
model of DRPLA, co-expression of wildtype SUMO1 with
polyQ-atrophin-1 significantly accelerated the formation of
nuclear aggregates and promoted apoptosis [68]. One proposed
explanation for this effect is SUMO disruption of or
competition with proteasome-mediated degradation of aggre-
gated mutant atrophin-1. An alternate possibility is the mis-
trafficking and/or sequestration of SUMO-modified proteins
that promoted their accumulation within the nucleus. With the
ability of SUMO to regulate protein–protein interactions via
non-covalent binding motifs [50–53], the recruitment of
SUMO monomers or sumoylated substrates into inclusions
could further exacerbate the sequestration of cellular compo-
nents that are critical for neuronal survival. Conversely, co-
expression of SUMO1 lacking the C-terminal diglycine motif
required to linkage reduced, but did not abolish, the accumu-
lation of polyQ-atrophin-1 aggregates. Expression of the
conjugation-deficient SUMO promoted cell survival, astranscriptional activity of the mutant polyQ protein, such as Huntingtin (1).
tors and indirectly affect gene transcription (2). (B) SUMO modification can
llular localization can potentially affect transcription (3) and/or the formation of
mutant polyQ protein, leading to its accumulation, possibly the sequestration of
lead to neuronal loss and the onset of clinical symptoms.
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of wild-type SUMO1.
SUMO1 has been implicated in protein aggregation and
formation of inclusions but, until recently, it was unclear if the
constituent proteins were targets for sumoylation. For example,
wild-type androgen receptor (AR) is a known SUMO1 substrate
and sumoylation negatively regulates its transcriptional activity
[39]. However, it is not known if or to what extent the
pathogenic polyQ-AR is sumoylated and how sumoylation
might contribute to the development of SBMA. One of the first
polyQ-related SUMO substrates identified was a pathogenic
fragment of huntingtin (Htt) [70] (Table 1). Expression of a
permanent, non-hydrolyzable Htt-SUMO conjugate in a
neuronal cell line resulted in a more stable protein and increased
Htt-mediated transcriptional repression. This also resulted in
decreased formation of inclusions and potentially an increase in
the levels of toxic oligomers. The SUMO1 conjugation sites are
located within the N-terminal domain of the Htt peptide and
overlap with the lysine residues targeted by ubiquitin, which
may lead to competition between the two modifiers.
The relative contribution of ubiquitin and SUMO to
pathogenesis has been investigated in Drosophila models.
Expression of mutant Htt led to progressive degeneration,
which was reduced in flies heterozygous for SUMO and
modestly worsened in flies with genetically reduced ubiquitina-
tion. Furthermore, expression of a mutant Htt in which the
conjugation lysines were mutated substantially decreased
degeneration. This indicated that the availability of the target
lysines is essential for degeneration and that sumoylation at
these sites results in a more significant pathological response as
compared to the slight amelioration associated with ubiquitina-
tion. However, a coordinated sequential action between SUMO
and ubiquitin on Htt, as previously reported for NEMO [76],
remains a possibility but this has yet to be explored. The overall
dynamic and cooperation between both modification systems
may be more important than the conjugation of individual
modifier separately.
SUMO-mediated changes in protein transport into the
nucleus may also be a contributory factor in these diseases.
Mutant ataxin-1 accumulates in SCA1 and is covalently
modified by SUMO1 (Table 1) via at least five different target
lysines [71]. An increase in the length of the polyQ stretch
negatively regulates ataxin-1 sumoylation. The SUMO mod-
ification is modulated by phosphorylation and is also dependent
upon translocation mediated by a nuclear localization signalTable 1
Pathogenic SUMO substrates in neurodegenerative diseases
SUMO substrate Pathology Reference
Huntingtin Huntington's disease [70]
Ataxin-1 Spinocerebellar ataxia type 1 [71]
Tau Alzheimer's disease
Tauopathies
[16]
α-synuclein Parkinson's disease
α-synucleinopathies
[16]
DJ-1 Parkinson's disease [96]
SOD1 Amyotrophic lateral sclerosis [108](NLS). This study suggested that SUMO modification may
control the nuclear import/export efficiency of ataxin-1 or
regulate its trafficking within the nucleus. This role for SUMO
is in accordance with the findings for sumoylated Htt [70] and
additional evidence regarding sumoylation and nuclear translo-
cation [17]. In the case of Htt, its N-terminal domain is
responsible for cytoplasmic targeting proteins and therefore
SUMO conjugation within this domain could mask a cytoplas-
mic retention signal and promote the nuclear localization. This
potential mechanism could provide an explanation for the
SUMO-mediated increase in Htt transcriptional repression.
The possibility that polyQ disorders are pathologies of
protein transport or “transportopathies” has been proposed [77],
which may involve contributions from the SUMO pathway. A
consequence of this shuttling defect could be interference with
gene transcription, which is a common feature of these
disorders. This provides an additional link as sumoylation is a
well-defined regulator of transcription (for review see [78]) and
several of polyQ-related proteins function as transcriptional
regulators (see review [63]). A direct pathological implication
of SUMO in polyQ diseases is suggested by the SUMO-
mediated increase in Htt transcriptional repression [70]. Many
of the polyQ-interacting partners recruited into neuronal
inclusions, including the nuclear bodies protein PML [79,80],
p53 [81] and c-jun [79] are also SUMO substrates. Sumoylation
may therefore modulate their ability to interact with polyQ
mutant proteins and/or be recruited into transcriptional com-
plexes. A recent report demonstrated the role of SUMO in
synapses through the regulation of the transcription factor
MEF2A [82]. It is therefore plausible that SUMO could be
involved in transcriptional dysregulation in neurodegenerative
diseases.
5. Neuronal intranuclear inclusion disease
Neuronal intranuclear inclusion disease (NIID) is a rare
neurodegenerative disorder characterized by the presence of
widespread eosinophilic intranuclear inclusions [83]. NIID can
present as juvenile and adult-onset cases and the majority of
these are sporadic but examples of familial occurrence have
been reported [84]. The predominant neurological symptoms in
younger cases are ataxia and movement disorders, whereas
adult cases are commonly characterized by dementia. This
heterogeneity of the clinical features suggests that the two age
groups may be pathologically distinct [85]. While the
histopathology is comparable to polyQ-related disorders, there
is no evidence for CAG expansions in NIID. Interestingly, the
inclusions are only weakly labelled with a polyQ repeat-specific
antibody [69,86], but ataxin-1 and ataxin-3 are detected within
the NIID aggregates [87].
Extensive SUMO1 immunostaining has been observed in
nuclear inclusions in three cases of familial NIID and
immunoelectron microscopy revealed diffuse SUMO1 labelling
of the fibrillar inclusions [69]. Ubiquitin and SUMO1
immunoreactivities completely overlapped and revealed a
similar density and brain distribution within the inclusions.
SUMO1 staining in NIID inclusions is also more intense and
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reported for polyQ aggregates [67–69]. This suggests that
inclusions in NIID significantly differ from polyQ diseases.
Robust SUMO1 immunostaining which was more intense than
that seen for ubiquitin has also been observed in intranuclear
inclusions associated with juvenile NIID [85]. SUMO1 staining
in neuronal intranuclear inclusions has been confirmed in both
familial and sporadic NIID cases [80]. Co-localization of
SUMO1 with neuronal inclusions in these various groups of
NIID cases suggests a potential role for sumoylation in the
disease pathogenesis.
The identity of the SUMO targets within NIID aggregates
has yet to be determined but the transcription co-repressor,
histone deacetylase HDAC4, is associated with nuclear
inclusions and represents a potential candidate substrate [80].
Another possibility is that the aggregates in NIID arise from
promyelocytic leukaemia (PML) nuclear bodies, which pro-
vides a further link to sumoylation. PML nuclear bodies (NB)
are subnuclear structures that participate in various nuclear
processes including intranuclear protein degradation mediated
by the proteasome [88,89]. Evidence suggests the convergence
and integration of both ubiquitin and sumoylation pathways in
NBs [37]. It has been shown that neuronal intranuclear
inclusions in sporadic and familial NIID cases contained
PML along with SUMO1 and ubiquitin [80]. This colocaliza-
tion is also found in supraoptic neurons [13] and familial cases
of tau-negative/ubiquitin-positive frontotemporal dementia
[90]. In NIID, a ring-like PML immunoreactivity characteristic
of normal NBs was observed specifically in small inclusions,
whereas large aggregates completely lacked or displayed
granular PML staining. It is possible that, as a result of
impairments in sumoylation or ubiquitination, proteins nor-
mally destined for degradation accumulate in NBs and form
small inclusions. However, in one study, PML staining has not
been observed in juvenile [85] and familial forms of NIID [69]
which suggests that this may represent a secondary event in the
formation of the inclusions. However, this may be due to a
different time course for these cases and the potential for
disruption of normal NB function in the sporadic cases cannot
be excluded. The evidence to date indicates that it is con-
ceivable that a defect in SUMO- and/or proteasome-mediated
protein degradation may promote formation of NIID inclu-
sions, disrupt normal cellular processes and promote neuronal
loss.
6. Parkinson's disease and synucleinopathies
The focus on sumoylation has been predominantly with
respect to events in the nucleus which prompted investigation
into disorders involving intranuclear accumulation of protein
aggregates, such as NIID and polyglutamine diseases. With the
introduction of proteomic approaches, a significant number of
cytoplasmic SUMO targets have been identified, suggesting
that the effects of sumoylation may be more far reaching than
previously considered [43,44]. This has also proven to be the
case for neurological diseases involving misfolded cytosolic
proteins.Synucleinopathies are a group of neurodegenerative diseases
characterized by the accumulation of filamentous aggregates of
α-synuclein in cytoplasmic inclusion bodies and include
disorders such as Parkinson's disease, dementia with Lewy
bodies (DLB) and multiple system atrophy (MSA). SUMO1
immunoreactivity has been reported in MSA oligodendroglial
cytoplasmic inclusions as well as punctuated staining at the
nuclear membrane level [91]. Similar to other neurodegenera-
tive disorders, the colocalization of SUMO with cytosolic
inclusions raised the question of the identity of SUMO targets
within the aggregates. It has recently been reported that α-
synuclein is a substrate for SUMO1 providing a direct link with
these deposits [16] (Table 1).
Parkinson's disease (PD) is the most common movement
disorder that is characterized by progressive and extensive
loss of dopaminergic neurons and the accumulation of Lewy
bodies. Several genes involved in the pathogenesis of PD,
including α-synuclein and UCH-L1, are closely linked to the
ubiquitin–proteasome system (for review see [60]). Parkin is
an ubiquitin E3 ligase and mutations in this protein cause the
majority of familial PD cases. As another example of the
cross-talk between ubiquitin and SUMO pathways, it has been
shown that parkin regulates the turnover of the SUMO E3
ligase RanBP2 by catalyzing its ubiquitination and promoting
proteasome degradation [92]. More recently, a functional non-
covalent interaction between parkin and SUMO1 has been
reported in neuronal cells as well as in rat brain cortex [47],
which resulted in parkin nuclear localization and auto-
ubiquitination. This report further supports the importance
of conjugation-independent functions of SUMO and could
suggest a non-covalent role for the ubiquitin-like protein in
PD pathogenesis.
DJ-1 is a multifunctional protein involved in the transcrip-
tional regulation of genes [93]. It also plays a role in the
cellular response to oxidative stress [94], a known contributing
factor to dopaminergic neuron degeneration in PD (for review,
see [95]). Loss-of-function DJ-1, either by deletion or point
mutation, leads to early onset PD. With regard to sumoylation
pathway, DJ-1 is modified by SUMO1 [96] and also interacts
with members of the PIAS family [93], which act as SUMO
E3 ligases [20,21] (Table 1). Substitution of the DJ-1 SUMO
acceptor lysine, K130, abolishes its activity but does not affect
subcellular localization. It has been shown that the PD-related
DJ-1 missense mutant, L166P, can be mis-sumoylated as
compared to its wildtype counterpart. This was evident by the
presence of higher molecular weight SUMO/DJ-1-positive
bands and suggested that the mutant protein may have been
polysumoylated on selected lysine residues or sumoylated on
multiple target residues (Fig. 4A). Alternatively, SUMO
conjugation of the L166P may promote aggregation leading
to these high molecular weight species. These changes in
sumoylation of the L166P mutant can potentially explain its
insolubility, change in subcellular localization and instability,
which may be due to its rapid degradation by the proteasome
[96].
The DJ-1 L166P mutant and to a lesser extent the SUMO
site K130R mutant were more sensitive to oxidative stress
Fig. 4. SUMO affects on DJ-1 and its relationship to oxidative stress.
Parkinson's disease DJ-1 L166P mutant is incorrectly modified by SUMO,
leading to either polysumoylation or multisumoylation. This results in decreased
solubility, change in subcellular localization and increased proteasome
degradation of the DJ-1 mutant. These defects interfere with DJ-1 function
and lead to cellular sensitivity to oxidative stress.
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the DJ-1-mediated response to the cell insult ([96]). However,
the relationship between SUMO, DJ-1 and oxidative stress
appears to be increasingly complex. Initial reports demon-
strated that high oxidative stress upregulated sumoylation
[19,28]. However, subsequent investigations showed that high
but physiological concentrations of reactive oxygen species
(ROS) had the opposite effect. Under mild oxidative con-
ditions, SUMO E1 and E2 enzymatic activities are reversibly
inhibited by the formation of a disulfide bond between their
catalytic cysteines, which results in a downregulation of
SUMO conjugation [28]. The emerging picture could be one
of an integrated positive feedback pathway where both DJ-1
and SUMO are involved in the cellular response to oxidative
stress (Fig. 4B). That is, DJ-1 expression is regulated by
oxidation levels [96] and is also functionally dependent upon
sumoylation. SUMO activity and conjugation is in turn
regulated by the cellular redox status. How these pathways
are integrated in individual neurons, in the context of healthy
versus neurodegenerative brains, is an intriguing issue. One
could hypothesize that misregulation of the SUMO pathway
could result in DJ-1 loss of function that contributes to
decreased survival of sensitive neurons in Parkinson's
disease. DJ-1 is also associated with other neurodegeneration
in Pick's disease, MSA and frontotemporal dementia and
parkinsonism linked to chromosome 17 (FTDP-17) [97,98].
Therefore it is conceivable that the combination of the
sumoylation and DJ-1 pathways may also play a role in these
related diseases.7. Novel SUMO targets and other neurological disorders
Alzheimer's disease (AD) is the most common cause of
dementia in the elderly and is associated with cognitive and
memory dysfunction. This progressive disease is neuropatho-
logically characterized by the presence of senile plaques and
neurofibrillary tangles (NFT). Senile plaques result from the
extracellular accumulation of aggregated amyloid-beta (Aβ)
peptides, which are generated by β- (BACE) and γ-secretase
cleavage of the transmembrane amyloid precursor protein
(APP) (for review, see [99]). An in vitro expression and
sumoylation approach has identified APP as a SUMO1 target
[14]. In addition, an unbiased screening of a human brain cDNA
library has led to the identification of SUMO3 as a new
regulator of Aβ generation [100]. The study showed that
SUMO3 overexpression reduced Aβ production whereas
expression of SUMO mutants that cannot be conjugated or
form polymeric chains increased the production of these
amyloidogenic peptides. In contrast, a more recent study
investigating the effect of overexpression of the three major
SUMO isoforms on the APP processing pathway showed that
SUMO3 increased the generation of Aβ [101]. This was
accompanied by a reduced APP turnover and an increase in
APP holoprotein, C-terminal fragments and BACE levels. In
agreement with the study by Li et al., conjugation- and
polymerization-deficient mutants also stimulated Aβ secretion.
This observation illustrates a new example of a biochemical
pathway regulated by SUMO independent of its conjugation to
target proteins.
AD is also characterized by the presence of neurofibrillary
tangles (NFT), which are intracellular aggregates of tau [102]
and strongly immunoreactive for ubiquitin [103,104]. Tau is a
phosphoprotein involved in the regulation of microtubule
stability and is responsible for axonal development. Tau
pathology is also associated with other neurological disorders
collectively called tauopathies, which include frontotemporal
dementia (FTD), Pick's disease (PiD), progressive supranuclear
palsy (PSP) and corticobasal degeneration (CBD). It has
recently been demonstrated that tau was covalently modified
by SUMO1, and to a lesser extent by SUMO2 and SUMO3 [16]
(Table 1). The major modification site, lysine K340, maps to the
microtubule-tubule binding domain.
Amyotrophic lateral sclerosis (ALS) affects motor neurons in
the spinal cord and the brain. A generalized weakness
accompanied by muscle atrophy and progressive paralysis are
among the symptoms experienced by patients. The disorder
occurs mostly sporadically, but it can also be inherited. Genetic
mutations in the gene encoding superoxide dismutase 1
(SOD1), an abundant copper/zinc-containing protein, account
for some cases of familial ALS cases (For review, see [105]).
This cytoplasmic metalloenzyme is an important cellular
antioxidant and plays a vital role in detoxifying cells during
oxidative stress. Several independent proteomic studies identi-
fied yeast SOD1 as being covalently modified by SUMO1
[43,52,106,107] on multiple lysines, under normal and stress
conditions [106]. Sumoylation of human SOD1 has also been
observed but, in contrast to yeast, only a single lysine was
Table 2
Putative SUMO substrates of interest in the brain
Substrate Function/Relevance (Pathology) Reference
Androgen receptor
(AR)
Mutated in a polyglutamine
disease (SBMA)
[39]
Amyloid precursor
protein (APP)
Precursor to Aβ (AD) [14]
E2-25K Ubiquitin E2 enzyme Interacts
with Huntingtin (HD)
[35]
Dynamin Endocytosis of APP (AD) [46]
Chaperones Aging, neurodegeneration [15,43,52,106,113,114]
Proteasome
subunits
Aging, neurodegeneration [43,44,114]
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wild-type and ALS-related mutant SOD1 which resulted in
decreased turnover and enhanced aggregation. Inclusion bodies
could be detected in these cell culture models that colocalized
with SUMO1 which is consistent with the accumulation of the
modified SOD1.
Proteomic approaches have led to the identification of a
large number of SUMO substrates from yeast and mammalian
cells under a variety of conditions (Table 2). Although many
of these have yet to be validated in cellular models or in vivo,
further investigation of these candidate SUMO targets may
provide additional insights into the involvement of sumoyla-
tion in neurodegenerative diseases. For example, E2-25K is an
unusual ubiquitin conjugating enzyme that also functions as an
ubiquitin E3 ligase to produce diubiquitin and free poly-
ubiquitin chains [109]. E2-25K is a sumoylation target and
conjugation impairs the formation of ubiquitin thioester and,
consequently, the generation of free ubiquitin chains [35]. E2-
25K is also expressed at high levels in the brain and interacts
with huntintin (Htt). This interaction is independent of the
length of the polyQ stretch but requires an intact Htt N-Fig. 5. SUMO mechanisms potentially involved in neurodegeneration. (A) The mo
shaded area). Sumoylated substrates can sequester critical proteins (2). Both SUMO-
transcription, which can be detrimental to cells (3). (B) A competition between SU
turnover. Conversely, proteasome inhibitors stimulate SUMO conjugation and induc
response to protein aggregation in order to promote their degradation by proteasom
specialized domains, where both SUMO and ubiquitin pathways are integrated. (D)
SUMO modification is regulated by the redox status. Furthermore, there is also a crterminal domain [110] which contains the target lysines for
SUMO and ubiquitin conjugation [70]. Another target of
interest is dynamin, which interacts with SUMO1, Ubc9 and
PIAS1 through its GTPase effector domain. Dynamin is a key
element in the secretory pathway which has been associated,
for example, with APP processing in Alzheimer's disease
[111]. Although no sumoylated dynamin has been detected, it
has been shown that expression of SUMO1 or Ubc9 inhibited
lipid-dependent oligomerization and decreased dynamin-
mediated endocytosis of transferrin [46].
Molecular chaperones are essential components of the
protein quality control in cells. They play critical roles in the
folding of newly synthesized polypeptides and targeting of
misfolded proteins for proteasome-mediated degradation.
Chaperones are also involved in aggresome formation and are
associated with protein inclusions in neurodegenerative dis-
eases (for review, see [112]). The majority of proteomic studies
have identified molecular chaperones as SUMO substrates,
including HSP90 and HSP70 [15,43,52,106,113,114]. Sumoy-
lation could potentially affect chaperones activity, their
recruitment to specific subcellular localizations as well as
interactions with substrates or other components involved in
protein quality control. Finally, several yeast proteasome
subunits have been identified as SUMO substrates which raises
the possibility that sumoylation may participate in proteasome
organization or regulation [43,44,114]. Chaperones and the
proteasome are two important systems that have been closely
linked to neurodegenerative diseases and represent another
potential connection to the sumoylation pathway.
8. Conclusions and perspectives
Considerable progress has been made in the exciting and
rapidly growing SUMO field. SUMO immunoreactivity hasdification of a substrate by SUMO can affect its subcellular localization (1, to
mediated effects can contribute to the formation of inclusions and/or affect gene
MO and ubiquitin can antagonize proteasome degradation and affect protein
e the formation of SUMO-positive aggregates. (C) Nuclear bodies are formed in
es (4). Evidence suggest that SUMO actively targets affected proteins to these
Sumoylation is involved in the cellular response to oxidative stress. Conversely,
oss-talk between oxidative stress and the proteasome pathway (5).
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degenerative diseases characterized by intranuclear and/or
cytosolic protein aggregates and could potentially be involved
in neurodegeneration processes. The identity of SUMO-
modified proteins that accumulate within protein lesions is
progressively being revealed. The regulation of biochemical
pathways by SUMO independent of its conjugation is also an
emerging concept, which is relevant to neurodegenerative
disorders.
The findings to date highlight the potential roles for SUMO
in regulating protein transport, targeting proteins to subcellular
proteasome-mediated degradation sites or in cellular responses
to stresses such as proteasome impairment and oxidative stress
(Fig. 5). To better understand these functions and their
contributions to neurological diseases, it will be necessary to
dissociate SUMO from the primary events that trigger the
pathological cascade from the secondary events that maintain
the progression towards neurodegeneration. The temporal and
spatial regulation of sumoylation during the course of
neurodegeneration needs to be investigated for the different
SUMO isoforms. Animal models for many of these disorders
have been established and similar approaches in combination
with SUMO transgenics may lead to a better understanding of
the effect of sumoylation on the underlying disease pathways.
With its implications in the proteasome pathway, oxidative
stress, transcriptional regulation, nuclear transport and protein
shuttling, a number of possibilities present themselves for
SUMO to manifest itself in these neurological disorders. If
SUMO does not drive on the road of neurodegeneration, it is at
least an important passenger. Further understanding of the role
of SUMO in the biochemical pathways involved in neurode-
generative processes could ultimately lead to novel therapeutic
strategies. In this order, two hypothetical therapeutic scenarios
for intervention in the SUMO pathway can be envisaged.
First, there are cases in which sumoylation is beneficial.
These include the cellular response to stresses (e.g. in PD), the
transport of proteins to degradation sites such as nuclear bodies
(e.g. in NIID) and the function of specific proteins such as DJ-1
(in PD). In cell culture, only overexpression of SUMO or
exposure to certain stress has been shown to upregulate
sumoylation. Chemical or biochemical activators of the
SUMO pathway are currently inexistent.
On the other hand, sumoylation may have detrimental
effects. This can be exemplified by a SUMO-induced increase
in toxic soluble oligomers (e.g. in HD and AD) or by
antagonizing proteasome-mediated degradation (e.g. in
DRPLA). Although proteasome inhibitors are available and in
clinical trials for a growing list of cancers, such chemical tools
are not yet available for the sumoylation pathway. SUMO
knockdown using an RNA interference approach has been
successfully performed in cell culture [101]. Expression of the
viral protein Gam1 has also been reported to downregulate
sumoylation [36] and could help to the design of pharmaceutical
reagents.
In any case, it must be taken into account that in contrast to
the ubiquitin–proteasome system, the sumoylation pathway
utilizes a single SUMO E1, E2 and only a few E3 enzymes.Consequently, any intervention in this pathway would affect a
wide variety of biochemical processes with various conse-
quences. The identification of regulators specific to a given
substrate will be needed to achieve specific therapeutic
interventions. Based on the rate of progress in the SUMO
field, many exciting and intriguing findings are to be expected
in the near future.
Acknowledgments
Support was provided by the Canadian Institutes of Health
Research (CIHR), Ontario Mental Health Foundation and the
Alzheimer's Society of Ontario. Funding for VD was provided
by the CHIR and K.M. Hunter Studentship programs.References
[1] O. Kersher, R. Felberbaum, M. Hochstrasser, Modification of proteins by
ubiquitin and ubiquitin-like proteins, Annu. Rev. Cell Dev. Biol. 22
(2006) 159–180.
[2] H.-L. Su, S.S.-L. Li, Molecular features of human ubiquitin-like SUMO
genes and their encoded proteins, Gene 296 (2002) 65–73.
[3] K.M. Bohren, V. Nadkarni, J.H. Song, K.H. Gabbay, D. Owerbach, A
M55V polymorphism in a novel SUMO gene (SUMO-4) differentially
activates heat shock transcription factors and is associated with
susceptibility to type I diabetes mellitus, J. Biol. Chem. 279 (2004)
27233–27238.
[4] F. Melchior, M. Schergaut, A. Pichler, SUMO: ligases, isopeptidases and
nuclear pores, Trends Biochem. Sci. 28 (2003) 612–618.
[5] J.M.P. Desterro, M.S. Rodriguez, G.D. Kemp, R.T. Hay, Identification of
the enzyme required for activation of the small ubiquitin-like protein
SUMO-1, J. Biol. Chem. 274 (1999) 10618–10624.
[6] J.M.P. Desterro, J. Thomson, R.T. Hay, Ubch9 conjugates SUMO but not
ubiquitin, FEBS Lett. 47 (1997) 297–300.
[7] T. Okuma, R. Honda, G. Ichikawa, N. Tsumagari, H. Yasuda, In vitro
SUMO-1 modification requires two enzymatic steps, E1 and E2,
Biochem. Biophys. Res. Commun. 254 (1999) 693–698.
[8] M.S. Rodriguez, C. Dargemont, R.T. Hay, SUMO-1 conjugation in vivo
requires both a consensus modification motif and nuclear targeting,
J. Biol. Chem. 276 (2001) 12654–12659.
[9] D. Lin, M.H. Tatham, B. Yu, S. Kim, R.T. Hay, Y. Chen, Identification of
a substrate recognition site on Ubc9, J. Biol. Chem. 277 (2002)
21740–21748.
[10] M.H. Tatham, E. Jaffray, O.A. Vaughan, J.M.P. Desterro, C.H. Botting,
J.H. Naismith, R.T. Hay, Polymeric chains of SUMO-2 and SUMO-3
are conjugated to protein substrates by SAE1/SAE2 and Ubc9, J. Biol.
Chem. 276 (2001) 35368–35374.
[11] H.J. Cooper, M.H. Tatham, E. Jaffray, J.K. Heath, T.T. Lam, A.G.
Marshall, R.T. Hay, Fourier transform ion cyclotron resonance mass
spectrometry for the analysis of small ubiquitin-like modifier (SUMO)
modification: identification of lysines in RanBP2 and SUMO targeted for
modification during the E3 autoSUMOylation reaction, Anal. Chem. 77
(2005) 6310–6319.
[12] H. Wang, P.J. Lim, C. Yin, M. Rieckher, B.E. Vogel, M.J. Monteiro,
Suppression of polyglutamine-induced toxicity in cell and animal models
of Huntington's disease by ubiquilin, Hum. Mol. Genet. 15 (2006)
1025–1041.
[13] N.T. Villagra, J. Navascues, I. Casafont, J.F. Val-Bernal, M. Lafarga, M.T.
Berciano, The PML-nuclear inclusion of human supraoptic neurons: a
new compartment with SUMO-1- and ubiquitin-proteasome-associated
domains, Neurobiol. Dis. 21 (2006) 181–193.
[14] C.B. Gocke, H. Yu, J. Kang, Systematic identification and analysis of
mammalian small ubiquitin-like modifier substrates, J. Biol. Chem. 280
(2005) 5004–5012.
704 V. Dorval, P.E. Fraser / Biochimica et Biophysica Acta 1773 (2007) 694–706[15] G. Rosas-Acosta, W.K. Russell, A. Deyrieux, D.H. Russell, V.G. Wilson,
A universal strategy for proteomic studies of SUMO and other ubiquitin-
like modifiers, Mol. Cell. Proteomics 4 (2005) 56–72.
[16] V. Dorval, P.E. Fraser, Small ubiquitin-like modifier (SUMO) modifica-
tion of natively unfolded proteins tau and α-synuclein, J. Biol. Chem. 281
(2006) 9919–9924.
[17] S. Salinas, A. Briancon-Marjollet, G. Bossis, M.A. Lopez, M.
Piechaczyk, I. Jariel-Encontre, A. Debant, R.A. Hipskind, SUMOylation
regulates nucleo-cytoplasmic shuttling of Elk-1, J. Cell Biol. 165 (2004)
767–773.
[18] A.C.O. Vertegaal, J.S. Andersen, S.C. Ogg, R.T. Hay, M. Mann, A.I.
Lamond, Distinct and overlapping sets of SUMO-1 and SUMO-2 target
proteins revealed by quantitative proteomics, Mol. Cell. Proteomics 5
(2006) 2298–2310.
[19] H. Saitoh, J. Hinchey, Functional heterogeneity of small ubiquitin-related
protein modifiers SUMO-1 versus SUMO2/3, J. Biol. Chem. 275 (2000)
6252–6258.
[20] E.S. Johnson, A.A. Gupta, An E3-like factor that promotes SUMO
conjugation to the yeast septins, Cell 106 (2001) 735–744.
[21] T. Kahyo, T. Nishida, H. Yasuda, Involvement of PIAS1 in the
sumoylation of tumor suppressor p53, Mol. Cell 8 (2001) 713–718.
[22] A. Pichler, A. Gast, J.-S. Seeler, A. Dejean, F. Melchior, The nucleoporin
RanBP2 has SUMO1 E3 ligase activity, Cell 108 (2002) 109–120.
[23] M.H. Kagey, T.A. Melhuish, D. Wotton, The polycomb protein Pc2 is a
SUMO E3, Cell 113 (2003) 127–137.
[24] S. Weger, E. Hammer, R. Heilbronn, Topors acts as a SUMO-1 E3 ligase
for p53 in vitro and in vivo, FEBS Lett. 579 (2005) 5007–5012.
[25] Y. Morita, C. Kanei-Ishii, T. Nomura, S. Ishii, TRAF7 sequesters c-Myb
to the cytoplasm by stimulating its sumoylation, Mol. Biol. Cell 16
(2005) 5433–5444.
[26] G. Bossis, F. Melchior, SUMO: regulating the regulator, Cell Div. 1
(2006) 349–357.
[27] V. Hietakangas, J. Anckar, H. Blomster, M. Fugimoto, J.J. Palvimo,
A. Nakai, L. Sistonen, PDSM, a motif for phosphorylation-dependent
SUMO modification, Proc. Natl. Acad. Sci. U. S. A. 103 (2006)
45–50.
[28] G. Bossis, F. Melchior, Regulation of SUMOylation by reversible
oxidation of SUMO conjugating enzymes, Mol. Cell 21 (2006)
349–357.
[29] D. Reverter, C.D. Lima, A basis for SUMO protease specificity provided
by analysis of human Senp2 and a Senp2–SUMO complex, Structure 12
(2004) 1519–1531.
[30] L. Gong, E.T.H. Yeh, Characterization of a family of nucleolar SUMO-
specific proteases with preference for SUMO-2 or SUMO-3, J. Biol.
Chem. 281 (2006) 15869–15877.
[31] L.N. Shen, C. Dong, H. Liu, J.H. Naismith, R.T. Hay, The structure of
SENP1–SUMO2 complex suggests a structural basis for discrimination
between SUMO paralogues during processing, Biochem. J. 397 (2006)
279–288.
[32] A. Di Bacco, J. Ouyang, H.J. Lee, A. Catic, H. Ploegh, G. Gill, SUMO-
specific proteases required for cell division, Mol. Cell. Biol. 26 (2006)
4489–4498.
[33] D. Mukhopadhyay, F. Ayaydin, N. Kolli, S.-H. Tan, T. Anan, A.
Kametaka, Y. Azuma, K.D. Wilkinson, M. Dasso, SUSP1 antagonizes
formation of highly SUMO2/3-conjugated species, J. Cell Biol. 174
(2006) 939–949.
[34] H.D. Ulrich, Mutual interactions between the SUMO and ubiquitin
systems: a plea of no contest, Trends Cell Biol. 15 (2005) 525–532.
[35] A. Pichler, P. Knipscheer, E. Oberhofer, W.J. van Dijk, R. Körner, J.V.
Olsen, S. Jentsch, F. Melchior, T.K. Sixma, SUMO modification of the
ubiquitin-conjugating enzyme E2-25K, Nat. Struct. Mol. Biol. 12 (2005)
264–269.
[36] R. Boggio, R. Colombo, R.T. Hay, G.F. Draetta, S. Chiocca, A
mechanism for inhibiting the SUMO pathway, Mol. Cell 16 (2004)
549–561.
[37] D. Bailey, P. O'Hare, Comparison of the SUMO1 and ubiquitin
conjugation pathways during the inhibition of proteasome activity with
evidence of SUMO1 recycling, Biochem. J. 392 (2005) 271–281.[38] M.S. Rodriguez, J.M.P. Desterro, S. Lain, C.A. Midgley, D.P. Lane, R.T.
Hay, SUMO-1 modification activates the transcriptional response of p53,
EMBO J. 18 (1999) 6455–6461.
[39] H. Poukka, U. Karvonen, O.A. Jänne, J.J. Palvimo, Covalent modification
of the androgen receptor by small ubiquitin-like modifier 1 (SUMO-1),
Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 14145–14150.
[40] J.M.P. Desterro, M.S. Rodriguez, R.T. Hay, SUMO-1 modification of
IκBα inhibits NF-κB activation, Mol. Cell 2 (1998) 233–239.
[41] S.-J. Li, M. Hochstrasser, A new protease required for cell-cycle
progression in yeast, Nature 398 (1999) 246–251.
[42] C. Hoege, B. Pfander, G.L. Moldovan, G. Pyrowolakis, S. Jentsch,
RAD6-dependent DNA repair is linked to modification of PCNA by
ubiquitin and SUMO, Nature 419 (2002) 135–141.
[43] C. Denison, A.D. Rudner, S.A. Gerber, C.E. Bakalarski, D. Moazed, S.P.
Gygi, A proteomic strategy for gaining insights into protein sumoylation
in yeast, Mol. Cell. Proteomics 4 (2005) 246–254.
[44] J.A. Wohlschlegel, E.S. Johnson, S.I. Reed, J.R.I. Yates, Global analysis
of protein sumoylation in Saccharomyces cerevisiae, J. Biol. Chem. 279
(2004) 45662–45668.
[45] E.S. Johnson, Protein modification by SUMO, Annu. Rev. Biochem. 73
(2004) 355–382.
[46] R.K. Mishra, S.S. Jatiani, A. Kumar, V.R. Simhadri, R.V. Hosur, R.
Mittal, Dynamin interacts with members of the sumoylation machinery,
J. Biol. Chem. 279 (2004) 31445–31454.
[47] J.W. Um, K.C. Chung, Functional modulation of parkin through physical
interaction with SUMO-1, J. Neurosci. Res. 84 (7) (2006) 1543–1554.
[48] H. Takahashi, S. Hatakeyama, H. Saitoh, K.-I. Nakayama, Noncovalent
SUMO1 binding activity of thymine DNA glycosylase (TDG) is required
for its SUMO-1 modification and colocalization with the promyelocytic
leukemia protein, J. Biol. Chem. 280 (2005) 5611–5621.
[49] Z. Zheng, C. Cai, J. Omwancha, S.-Y. Chen, T. Baslan, L. Shemshedini,
SUMO-3 enhances androgen receptor transcriptional activity through a
sumoylation-independent mechanism in prostate cancer cells, J. Biol.
Chem. 281 (2006) 4002–4012.
[50] A. Minty, X. Dumont, M. Kaghad, D. Caput, Covalent modification of
p73α by SUMO-1. Two hybrids screening with p73 identifies novel
SUMO-1-interacting proteins and a SUMO-1 interaction motif, J. Biol.
Chem. 275 (2000) 36316–36323.
[51] J. Song, L.K. Durrin, T.A. Wilkinson, T.G. Krontiris, Y. Chen,
Identification of a SUMO-binding motif that recognizes SUMO-modified
proteins, Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 14373–14378.
[52] J.T. Hannich, A. Lewis, M.B. Kroetz, S.-J. Li, H. Heide, A. Emili, M.
Hochstrasser, Defining the SUMO-modified proteome by multiple
approaches in Saccharomyces cerevisiae, J. Biol. Chem. 280 (2005)
4102–4110.
[53] C.-M. Hecker, M. Rabiller, K. Haglund, P. Bayer, I. Dikic, Specification
of SUMO1- and SUMO2-interacting motifs, J. Biol. Chem. 281 (2006)
16117–16127.
[54] T.H. Shen, H.-K. Lin, P.P. Scaglioni, T.M. Yung, P.P. Pandolfi, The
mechanisms of PML-nuclear body formation, Mol. Cell 24 (2006)
331–339.
[55] D.Y. Lin, Y.S. Huang, J.C. Jeng, H.Y. Kuo, C.C. Chang, T.T. Chao, C.C.
Ho, Y.C. Chen, T.P. Lin, H.I. Fang, C.C. Hung, C.S. Suen, M.J. Hwang,
K.S. Chang, G.G. Maul, H.M. Shih, Role of SUMO-interacting motif in
Daxx SUMO modification, subnuclear localization, and repression of
sumoylated transcription factors, Mol. Cell 24 (2006) 341–354.
[56] M. Arrasate, S. Mitra, E.S. Schweitzer, M.R. Segal, S. Finkbeiner,
Inclusion body formation reduces levels of mutant huntingtin and the risk
of neuronal cell death, Nature 431 (2004) 805–810.
[57] E.J. Slow, R.K. Graham, A.P. Osmand, R.S. Devon, G. Lu, Y. Deng, J.
Pearson, K. Vaid, N. Bissada, R. Wetzel, B.R. Leavitt, M.R. Hayden,
Absence of behavioral abnormalities and neurodegeneration in vivo
despite widespread neuronal huntingtin inclusions, Proc. Natl. Acad. Sci.
U. S. A. 102 (2005) 11402–11407.
[58] R. Kayed, E. Head, J.L. Thompson, T.M. McIntire, S.C. Milton, C.W.
Cotman, C.G. Glabe, Common structure of soluble amyloid oligomers
implies common mechanism of pathogenesis, Science 300 (2003)
486–489.
705V. Dorval, P.E. Fraser / Biochimica et Biophysica Acta 1773 (2007) 694–706[59] B.A. Chromy, R.J. Nowak, M.P. Lambert, K.L. Viola, L. Chang, P.T.
Velasco, B.W. Jones, S.J. Fernandez, P.N. Lacor, P. Horowitz, C.E. Finch,
G.A. Krafft, W.L. Klein, Self-assembly of Aβ1–42 into globular
neurotoxins, Biochemistry 42 (2003) 12749–12760.
[60] A. Ciechanover, P. Brundin, The ubiquitin proteasome system in
neurodegenerative diseases: sometimes the chicken, sometimes the egg,
Neuron 40 (2003) 427–446.
[61] T. Kitada, S. Asakawa, N. Hattori, H. Matsumine, Y. Yamamura, S.
Minoshima, M. Yokochi, Y. Mizuno, N. Shimizu, Mutations in the parkin
gene cause autosomal recessive juvenile parkinsonism, Nature 392
(1998) 605–608.
[62] E. Leroy, R. Boyer, G. Auburger, B. Leube, G. Ulm, E. Mezey, G.
Harta, M.J. Brownstein, S. Jonnalagada, T. Chernova, A. Dehejia, C.
Lavedan, T. Gasser, P.J. Steinbach, K.D. Wilkinson, M.H. Polymer-
opoulos, The ubiquitin pathway in Parkinson's disease, Nature 395
(1998) 451–452.
[63] J.R. Gatchel, H.Y. Zoghbi, Diseases of unstable repeat expansion:
mechanisms and common principles, Nat. Rev., Genet. 6 (2005)
743–755.
[64] K. Watase, E.J. Weeber, B. Xu, B. Antalffy, L. Yuva-Paylor, K.
Hashimoto, M. Kano, R. Atkinson, Y. Sun, D.L. Armstrong, J.D.
Sweatt, H.T. Orr, R. Paylor, H.Y. Zoghbi, A long CAG repeat in the
mouse Sca1 locus replicates SCA1 features and reveals the impact of
protein solubility on selective neurodegeneration, Neuron 34 (2002)
905–919.
[65] S.Y. Yoo, M.E. Pennesi, E.J. Weeber, B. Xu, R. Atkinson, S. Chen, D.L.
Armstrong, S.M. Wu, J.D. Sweatt, H.Y. Zoghbi, SCA7 knockin mice
model human SCA7 and reveal gradual accumulation of mutant ataxin-7
in neurons and abnormalities in short-term plasticity, Neuron 6 (2003)
383–401.
[66] A.B. Bowman, S.Y. Yoo, N.P. Dantuma, H.Y. Zoghbi, Neuronal
dysfunction in a polyglutamine disease model occurs in the absence of
ubiquitin–proteasome system impairment and inversely correlates with
the degree of nuclear inclusion formation, Hum. Mol. Genet. 14 (2005)
679–691.
[67] H. Ueda, J. Goto, H. Hashida, X. Lin, K. Oyanagi, H. Kawano, H.Y.
Zoghbi, I. Kanazawa, H. Okazawa, Enhanced SUMOylation in
polyglutamine disease, Biochem. Biophys. Res. Commun. 293 (2002)
307–313.
[68] T. Terashima, H. Kawai, M. Fujitani, K. Maeda, H. Yasuda, SUMO-1 co-
localized with mutant atrophin-1 with expanded polyglutamines accel-
erates intranuclear aggregation and cell death, Neuroreport 13 (2002)
2359–2364.
[69] D.L. Pountney, Y. Huang, R.J. Burns, E. Haan, P.D. Thompson, P.C.
Blumbergs, W.P. Gai, SUMO-1 marks the nuclear inclusions in familial
neuronal intranuclear inclusion disease, Exp. Neurol. 184 (2003)
436–446.
[70] J.S. Steffan, N. Agrawal, J. Pallos, E. Rockabrand, L.C. Trotman, N.
Slepko, K. Illes, T. Lukacsovich, Y.-Z. Zhu, E. Cattaneo, P.P. Pandolfi,
L.M. Thompson, J.L. Marsh, SUMO modification of Huntingtin and
Huntington's disease pathology, Science 304 (2004) 100–104.
[71] B.E. Riley, H.Y. Zoghbi, H.T. Orr, SUMOylation of the polyglutamine
repeat protein, ataxin-1, is dependent on a functional nuclear localization
signal, J. Biol. Chem. 280 (2005) 21942–21948.
[72] H.Y. Chan, J.M. Warrick, I. Andriola, D. Merry, N.M. Bonini, Genetic
modulation of polyglutamine toxicity by protein conjugation pathways in
Drosophila, Hum. Mol. Genet. 11 (2002) 2895–2904.
[73] L. Besnault-Mascard, C. Leprince, M.T. Auffredou, B. Meunier, M.F.
Bourgeade, J. Camonis, H.K. Lorenzo, A. Vazquez, Caspase-8 sumoyla-
tion is associated with nuclear localization, Oncogene 24 (2005)
3268–3273.
[74] H. Shirakura, N. Hayashi, S. Ogino, K. Tsuruma, T. Uehara, Y. Nomura,
Caspase recruitment domain of procaspase-2 could be a target for SUMO-
1 modification through Ubc9, Biochem. Biophys. Res. Commun. 331
(2005) 1007–1015.
[75] N. Hayashi, H. Shirakura, T. Uehara, Y. Nomura, Relationship between
SUMO-1 modification of caspase-7 and its nuclear localization in human
neuronal cells, Neurosci. Lett. 397 (2006) 5–9.[76] T.T. Huang, S.M. Wuerzberger-Davis, Z.-H. Wu, S. Miyamoto,
Sequential modification of NEMO/IKKγ by SUMO-1 and ubiquitin
mediates NF-κB activation by genotoxic stress, Cell 115 (2003)
565–576.
[77] J. Taylor, S.K. Grote, J. Xia, M. Vandelft, J. Graczyk, L.M. Ellerby, A.R.
La Spada, R. Truant, Ataxin-7 can export from the nucleus via a
conserved exportin-dependent signal, J. Biol. Chem. 281 (2006)
2730–2739.
[78] G. Gill, Post-translational modification by the small ubiquitin-related
modifier SUMO has big effects on transcription factor activity, Curr.
Opin. Genet. Dev. 13 (2003) 108–113.
[79] S. Yasuda, K. Inoue, M. Hirabayashi, H. Higashiyama, Y. Yamamoto,
H. Fuyuhiro, O. Komure, F. Tanaka, G. Sobue, K. Tsuchiya, K.
Hamada, H. Sasaki, K. Takeda, H. Ichijo, A. Kakizuka, Triggering of
neuronal cell death by accumulation of activated SEK1 on nuclear
polyglutamine aggregations in PML bodies, Genes Cells 4 (1999)
743–756.
[80] J. Takahashi-Fujigasaki, K. Arai, N. Funata, H. Fujigasaki, SUMOylation
substrates in neuronal intranuclear inclusion disease, Neuropathol. Appl.
Neurobiol. 32 (2006) 92–100.
[81] J.S. Steffan, A. Kazantsev, O. Spasic-Boskovic, M. Greenwald, Y.-Z.
Zhu, H. Gohler, E.E. Wanker, G.P. Bates, D.E. Housman, L.M., The
Huntington's disease protein interacts with p53 and CREB-binding
protein and represses transcription, Proc. Natl. Acad. Sci. U. S. A. 97
(2000) 6763–6768.
[82] A. Shalizi, B. Gaudilliere, Z. Yuan, J. Stegmuller, T. Shirogane, Q. Ge, Y.
Tan, B. Schulman, J.W. Harper, A. Bonni, A calcium-regulated MEF2
sumoylation switch controls postsynaptic differentiation, Science 311
(2006) 1012–1017.
[83] J.H. Sung, M. Ramirez-Lassepas, A.R. Mastri, S.M. Larkin, An unusual
degenerative disorder of neurons associated with a novel intranuclear
hyaline (neuronal intranuclear hyaline inclusion disease). A clinico-
pathological study of a case, J. Neuropathol. Exp. Neurol. 39 (1980)
107–130.
[84] T.S. Kimber, P.C. Blumbergs, J.P. Rice, J.F. Hallpike, R. Edis, P.D.
Thompson, G. Suthers, Familial neuronal intranuclear inclusion disease
with ubiquitin positive inclusions, J. Neurol. Sci. 160 (1998) 33–40.
[85] K. McFadden, R.L. Hamilton, S.J. Insalaco, L. Lavine, M. Al-Mateen, G.
Wang, C.A. Wiley, Neuronal intranuclear inclusion disease without
polyglutamine inclusions in a child, J. Neuropathol. Exp. Neurol. 64
(2005) 545–552.
[86] A.P. Lieberman, Y. Robitaille, J.Q. Trojanowski, D.W. Dickson, K.H.
Fischbeck, Polyglutamine-containing aggregates in neuronal intranuclear
inclusion disease, Lancet 351 (1998) 884.
[87] A.P. Lieberman, J.Q. Trojanowski, D.G. Leonard, K.L. Chen, J.-L.
Barnett, J.B. Leverenz, T.D. Bird, Y. Robitaille, A. Malandrini, K.H.
Fischbeck, Ataxin 1 and ataxin 3 in neuronal intranuclear inclusion
disease, Ann. Neurol. 46 (1999) 271–273.
[88] V. Lallemand-Breitenbach, J. Zhu, F. Puvion, M. Koken, N. Honoré, A.
Doubeikovsky, E. Duprez, P.P. Pandolfi, E. Puvion, P. Freemont, H. de
Thé, Role of promyelocytic leukemia (PML) sumolation in nuclear
body formation, 11S proteasome recruitment, As2O3-induced PML or
PML/retinoic acid receptor α degradation, J. Exp. Med. 1361–1371
(2001) 12.
[89] M. Lafarga, M.T. Berciano, E. Pena, I. Mayo, E.M. Castaño, D.
Bohmann, J.P. Rodrigues, J.P. Tavanez, M. Carmo-Fonseca, Calstosome:
a subtype of nuclear body enriched in 19S and 20S proteasomes,
ubiquitin, and protein substrates of proteasome, Mol. Biol. Cell 13 (2002)
2771–2782.
[90] I.R. Mackenzie, M. Baker, G. West, J. Woulfe, N. Qadi, J. Gass, A.
Cannon, J. Adamson, H. Feldman, C. Lindholm, S. Melquist, R. Pettman,
A.D. Sadovnick, E. Dwosh, S.W. Whiteheart, M. Hutton, S.M. Pickering-
Brown, A family with tau-negative frontotemporal dementia and
neuronal intranuclear inclusions linked to chromosome 17, Brain 129
(2006) 853–867.
[91] D.L. Pountney, F. Chegini, X. Shen, P.C. Blumbergs, W.P. Gai, SUMO-1
marks subdomains within glial cytoplasmic inclusions of multiple system
atrophy, Neurosci. Lett. 381 (2005) 74–79.
706 V. Dorval, P.E. Fraser / Biochimica et Biophysica Acta 1773 (2007) 694–706[92] J.W. Um, D.S. Min, H. Rhim, J. Kim, S.R. Paik, K.C. Chung, Parkin
ubiquitinates and promotes the degradation of RanBP2, J. Biol. Chem.
281 (2006) 3595–3603.
[93] K. Takahashi, T. Taira, T. Niki, C. Seino, S.M.M. Iguchi-Ariga, H.
Ariga, DJ-1 positively regulates the androgen receptor by impairing
the binding of PIASxα to the receptor, J. Biol. Chem. 276 (2001)
37556–37563.
[94] T. Taira, Y. Saito, T. Niki, S.M.M. Iguchi-Ariga, K. Takahashi, H. Ariga,
DJ-1 has a role in antioxidative stress to prevent cell death, EMBO Rep. 5
(2004) 213–218.
[95] P. Jenner, Oxidative stress in Parkinson's disease, Ann. Neurol. 53 (2003)
S26–S38.
[96] Y. Shinbo, T. Niki, T. Taira, H. Ooe, K. Takahashi-Niki, C. Maita, C.
Seino, S.M.M. Iguchi-Ariga, H. Ariga, Proper SUMO-1 conjugation is
essential to DJ-1 to exert its full activities, Cell Death Differ. 13 (2006)
96–108.
[97] P. Rizzu, D.A. Hinkle, V. Zhukareva, V. Bonifati, L.-A. Severijnen, D.
Martinez, R. Ravid, W. Kamphorst, J.H. Eberwine, V.M.-Y. Lee, J.Q.
Trojanowski, P. Heutink, DJ-1 colocalizes with tau inclusions: a link
between parkinsonism and dementia, Ann. Neurol. 55 (2004) 113–118.
[98] M. Neumann, V. Müller, K. Görner, H.A. Kretzschmar, C. Haass, P.J.
Kahle, Pathological properties of the Parkinson's disease-associated
protein DJ-1 in α-synucleinopathies and tauopathies: relevance for
multiple system atrophy and Pick's disease, Acta Neuropathol. 107
(2004) 489–496.
[99] M.S. Wolfe, The γ-secretase complex: membrane-embedded proteolytic
ensemble, Biochemistry 45 (2006) 7931–7939.
[100] Y. Li, H. Wang, S. Wang, D. Quon, Y.-W. Liu, B. Cordell, Positive and
negative regulation of APP amyloidogenesis by sumoylation, Proc. Natl.
Acad. Sci. U. S. A. 100 (2003) 259–264.
[101] V. Dorval, M.J. Mazzella, P.M. Mathews, R.T. Hay, P.E. Fraser,
Modulation of Aβ generation by small ubiquitin-like modifiers does not
require conjugation to target proteins, Biochem. J. 404 (2) (2007)
309–316.
[102] M. Goedert, C.M. Wischik, R.A. Crowther, J.E. Walker, A. Klug,
Cloning and sequencing of the cDNA encoding a core protein of the
paired helical filament of Alzheimer disease: identification as themicrotubule-associated protein tau, Proc. Natl. Acad. Sci. U. S. A. 85
(1988) 4051–4055.
[103] H. Mori, J. Kondo, Y. Ihara, Ubiquitin is a component of paired-helical
filaments in Alzheimer's disease, Science 235 (1987) 1641–1644.
[104] G. Perry, R. Friedman, G. Shaw, V. Chau, Ubiquitin is detected in
neurofibrillary tangles and senile plaque neurites of Alzheimer's disease
brains, Proc. Natl. Acad. Sci. U. S. A. 84 (1987) 3033–3036.
[105] F. Johnson, C. Giulivi, Superoxide dismutases and their impact upon
human health, Mol. Aspects Med. 26 (2005) 340–352.
[106] W. Zhou, J.J. Ryan, H. Zhou, Global analyses of sumoylated proteins in
Saccharomyces cerevisiae. Induction of protein sumoylation by cellular
stresses, J. Biol. Chem. 279 (2004) 32262–32268.
[107] D.D. Wykoff, E.K. O'Shea, Identification of sumoylated proteins by
systematic immunoprecipitation of the budding yeast, Mol. Cell.
Proteomics 4 (2005) 73–83.
[108] E. Fei, N. Jia, M. Yan, Z. Ying, Q. Sun, H. Wang, T. Zhang, X. Ma, H.
Ding, X. Yao, Y. Shi, G. Wang, SUMO-1 modification increases human
SOD1 stability and aggregation, Biochem. Biophys. Res. Commun. 347
(2006) 406–412.
[109] Z. Chen, C.M. Pickart, A 25-kilodalton ubiquitin carrier protein (E2)
catalyzes multi-ubiquitin chain synthesis via lysine 48 of ubiquitin,
J. Biol. Chem. 265 (1990) 21835–21842.
[110] M.A. Kalchman, R.K. Graham, G. Xia, H.B. Koide, J.G. Hodgson, K.C.
Graham, Y.P. Goldberg, R. Gietz, C.M. Pickart, M.R. Hayden, Huntingtin
is ubiquitinated and interacts with a specific ubiquitin-conjugating
enzyme, J. Biol. Chem. 271 (1999) 19385–19394.
[111] J.H. Chyung, D. Selkoe, Inhibition of receptor-mediated endocytosis
demonstrates generation of amyloid β-protein at the cell surface, J. Biol.
Chem. 278 (2003) 51035–51043.
[112] A.B. Meriin, M.Y. Sherman, Role of molecular chaperones in
neurodegenerative disorders, Int. J. Hypertherm. 21 (2005) 403–419.
[113] Y. Zhao, S.W. Kwon, A. Anselmo, K. Kaur, M.A. White, Broad spectrum
identification of cellular small ubiquitin-related modifier (SUMO)
substrate proteins, J. Biol. Chem. 279 (2004) 20999–21002.
[114] V.G. Panse, U. Hardeland, T. Werner, B. Kuster, E. Hurt, A proteome-
wide approach identifies sumoylated substrate proteins in yeast, J. Biol.
Chem. 279 (2004) 41346–41351.
